We measured frontal extracellular dopamine concentration using in vivo microdialysis in monkeys performing in a delayed alternation task as a typical working memory paradigm and in a sensory-M E T H O D S guided control task. We observed a significant increase in dopaThree Japanese monkeys (Macaca fuscata) were trained in a mine level in the delayed alternation task as compared both with delayed alternation (D-ALT) and a sensory-guided control (Sthe sensory-guided control task and the basal resting level. The CON) task (Fig. 1) . The animal faced a panel, which contained increase was seen in the dorsolateral prefrontal but not in the two circular keys and a holding lever below them. On each trial arcuate or orbitofrontal areas. The increase appeared to reflect the of D-ALT, the animal depressed the holding lever for 5 s (delay working memory component of the task and was observed mainly period), after which time both keys were illuminated by a white in the lip areas of principal sulcus. Although there was no signifilight as a go signal. The animal obtained juice reward by alternating cant difference in dopamine level between delayed alternation and key presses to the right and left, each key press being preceded by sensory-guided control tasks in the premotor area, significant inthe delay period. The S-CON task also employed a 5-s delay period, creases in dopamine concentration were observed during both tasks but the key to be pressed was indicated explicitly by a white light as compared with the basal resting level, indicating the importance at the right or left key. The same juice reward was delivered for of premotor dopamine for the motor response itself. correct key presses. Thus both tasks had the same motor and motivational requirements, but only the D-ALT task contained a working memory component. On completion of training, the same de-
vice for head fixation was implanted under pentobarbital sodium anesthesia (Nembutal, 30 mg/kg) as for chronic neuronal reDopamine in the prefrontal cortex plays important roles cordings (Watanabe 1992 ). in cognitive functions (Berman and Weinberger 1990; LuThe dialysis experiment followed previously reported proceciana and Collins 1997). Depletion of dopamine impairs the dures (Kodama et al. 1992) . Guide cannulas (Type AG, EICOM, performance of working memory tasks in monkeys (Bro-Kyoto) were fixed stereotaxically to the skull over the frontal zoski et al. 1979; Sawaguchi and Goldman-Rakic 1991) , cortical target areas under general anesthesia. At least five days after surgery, coaxial microdialysis probes (Type A-I, EICOM, whereas application of its agonist improves reduced working Kyoto) with a semipermeable membrane of 2 mm at their tips memory (Arnsten et al. 1994) . Excessive dopamine activity were inserted into the appropriate cortical locations. These were also causes cognitive dysfunction (Arnsten et al. 1994 ; Farah determined by neuronal recording during the implantation of the 1997; Murphy et al. 1996a,b) . Working memory-related 1993; Saunders et al. 1994) . Taking advantage with Ringer solution at a flow rate of 2 ml/min. Dialysate sampling of recent technical innovations in ''in vivo microdialysis'' of 15 min duration began 5 min after the beginning of each task and employing suitable experimental and control tasks, we or rest period. One sample was obtained during the 20-min periods, examined the changes in prefrontal dopamine levels in be-whereas two samples were collected during the 35-min periods. having monkeys. We employed, as a working memory task, Four dialysate samples were obtained in each of the three behava delayed alternation task rather than the more widely used ioral situations at each cortical position on two consecutive days. delayed response task. In delayed alternation, each reward Dialysates collected at 10ЊC in polypropylene sample tubes under acetic conditions (pH 3.5) were frozen immediately and kept serves as implicit instruction for a subsequent key press, and in the DL area (P õ 0.001). Compared with the basal REST value, significant increases in dopamine concentration were observed during D-ALT in both DL (P õ 0.05) and PM (P õ 0.05) areas, whereas during S-CON, only in the PM (P õ 0.01) area. Dopamine levels were further compared among the dorsal ( DLd, n Å 10 ) , principalis ( PS, n Å 15 ) , and ventral ( DLv, n Å 11 ) DL subareas ( Fig. 3b ) Mean dopamine levels during REST period for DLd, PS, and DLv subareas were 0.084 { 0.01, 0.105 { 0.01, and 0.101 { 0.01 fmol / ml, respectively. A one-way ANOVA failed to reveal significant differences among the three subareas ( P Å 0.43 ) . Figure 3b shows the mean dopamine changes during D-ALT and S-CON tasks in the three subareas as compared with the REST situation. A two-way ANOVA ( task by area ) indicated significantly different dopamine levels between D-ALT and S-CON ( P õ 0.001 ) , but not among the three subareas ( P Å 0.18 ) or in the interaction ( P Å 0.25 ) . Planned comparisons for each subarea indicated significant dopamine increases during D-ALT as com-FIG . 1. Sequences of events in the delayed alternation task (D-ALT) pared with S-CON in DLd ( P Å 0.0057 ) and DLv ( P Å and sensory-guided control task (S-CON). D, delay period; R, response.
0.0247 ) but not in the PS subarea ( P Å 0.079 ) . The increase amounted to 23% in DLd and DLv combined. at 080ЊC. The dopamine level in the perfusate was determined by high-performance liquid chromatography and electrochemical detection (DTA-300 and ECD-300; EICOM, Kyoto). The detection limit was 0.5 fmol per 20 ml injection. At the end of the experiment, serial coronal sections (50 mm) of the brains were stained with cresyl violet to determine the areas of probe penetration. All experiments were conducted following the ''Guideline for Care and Use of Laboratory Animals'' of the National Institutes of Health and were approved by the ethics committee on animal experiments in our institute.
R E S U L T S
The animals performed both the D-ALT and S-CON tasks with ú98% correctness throughout the experiment. Dialysates were collected at a total of 96 sampling positions in three monkeys. Of these 96 positions, reliable measures of extracellular dopamine for all three periods of REST, D-ALT and S-CON were obtained at 74 cortical (gray matter) positions; 36 positions in dorsolateral prefrontal (DL), 15 positions in premotor (PM), 14 positions in orbitofrontal (OF), and 9 positions in arcuate (ARC) areas (Fig. 2, a  and b) . Dopamine levels during the REST period for DL, PM, OF, and ARC areas were 0.098 { 0.013, 0.109 { 0.017, 0.116 { 0.021, and 0.147 { 0.027 fmol/ml, respectively (means { SE). A one-way analysis of variance (ANOVA) indicated no significant differences among the four frontal areas (P Å 0.19).
To normalize the variations among animals, dopamine were expressed as percentage increases or decreases over each sampling point. Sampling points in the depth of the sulcus are plotted basal REST values (Fig. 3a) . A two-way ANOVA (task by on sulcal lines. rrr, approximate boundaries of the 4 sampling areas; area) indicated a significant difference in dopamine levels dorsolateral (DL) area including both banks and the depth of principal PREFRONTAL DOPAMINE AND WORKING MEMORY parts of the depth of the principal sulcus (Mishkin 1957 ). This functional difference corresponds to noticeable differences in cytoarchitecture between parts of the lip and depth subareas (Barbas and Pandya 1989). There were increases in dopamine concentration in the PM area during both D-ALT and S-CON tasks as compared with the basal REST level. The result is in accordance with recently reported impairments in both manual delayed response and sensory-guided control task performance by the injection of a dopamine D-1 antagonist into the PM area (Sawaguchi 1995) and may indicate that premotor dopamine plays important roles for the motor response itself rather than for working memory.
Different from prefrontal neurons, midbrain dopamine neurons that innervate the prefrontal cortex do not show sustained activations during the delay period in delayed alternation (Ljungberg et al. 1991) . Although dopamine neurons do not respond to predicted rewards in reaction time tasks (Schultz 1992) , they are activated by the reward in delayed alternation, probably because the instructional components of reward delivery arouse the attention of the animal to guide its goal-directed behavior (Schultz 1992) . This activation in turn may contribute to the increase in dopamine levels in the prefrontal cortex. In this regard, the difference of attentional demand or that of task difficulty besides that of working memory requirement between D-ALT and S-CON tasks, also may contribute to the observed difference in dopamine levels between these two tasks. FIG . 3. a: mean dopamine changes { SE during delayed alternation task (D-ALT) and sensory-guided control task (S-CON) in 4 frontal areas.
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